Abstract. In Alzheimer's disease (AD), cognition and function are only moderately correlated in cross-sectional studies, and studies of their longitudinal association are less common. One potential non-cognitive contributor to function is depression, which has been associated with poorer clinical outcomes. The current study investigated longitudinal associations between functional abilities, cognitive status, and depressive symptoms in AD. 517 patients diagnosed with probable AD and enrolled in The Multicenter Study of Predictors of Disease Course in Alzheimer's Disease were included. Patients were followed at 6-month intervals over 5.5 years. Longitudinal changes in the Blessed Dementia Rating Scale, modified Mini-Mental State Exam, and the depression subscale of the Columbia University Scale for Psychopathology in AD were examined in a multivariate latent growth curve model that controlled for gender, age, education, and recruitment site. Results showed that cognition and function worsened over the study period, whereas depressive symptoms were largely stable. Rates of change in cognition and function were correlated across participants and coupled within participants, indicating that they travel together over time. Worse initial cognitive status was associated with faster subsequent functional decline, and vice versa. Higher level of depressive symptoms was associated with worse initial functioning and faster subsequent cognitive and functional decline. These findings highlight the importance of both cognitive and psychiatric assessment for functional prognosis. Targeting both cognitive and depressive symptoms in the clinical treatment of AD may have incremental benefit on functional abilities.
INTRODUCTION
Alzheimer's disease (AD) is an age-related neurodegenerative disorder characterized by declines in both cognitive skills and functional abilities. Despite an intuitive link between cognition and function, these variables are only moderately correlated in crosssectional analyses [1] , and longitudinal studies of their association in patients with AD are less common.
Understanding the relationship between cognition and function over the course of AD has important implications in terms of choosing outcomes in clinical trials, predicting real-world function based on cognitive data, and ascertaining clinical prognosis.
One potential non-cognitive contributor to functional status is depression, which is associated with increased risk of developing AD [2, 3] . Among individuals already diagnosed with AD, depression occurs in up to 50% of patients and has been cross-sectionally associated with worse functional abilities, independent of cognitive status [4, 5] . Depression may also predict future cognitive decline in AD [6] . The influence of depression on the clinical course of AD is uncertain and may differ between individuals. Thus, there is a need for large, longitudinal studies of depressive symptoms, cognition, and function in AD.
A recent population-based study of 328 AD patients reported that rates of change in function correlated with rates of change in cognitive and neuropsychiatric symptoms over 3.8 years [7] . However, this study only examined between-person associations between rates of change, and the use of mixed effects models precluded an examination of multiple trajectories within a single, controlled model. Further, only global neuropsychiatric functioning was measured rather than specific symptoms (e.g., depressive) despite evidence that different neuropsychiatric symptom clusters exhibit distinct trajectories in AD [8] .
Previous studies from our group using data from the Multicenter Study of Predictors of Disease Course in Alzheimer's Disease ("Predictors Study") [9, 10] have shown that compared to psychosis and behavioral disturbance, depressive symptoms do not commonly appear de novo during the course of AD [11] . Further, depressive symptoms decrease with AD progression [12] . The present study aimed to extend these findings to an examination of the influence of depressive symptoms on functional ability, an important clinical outcome. Specifically, we examined the trajectories of functional, cognitive, and depressive symptoms in a large sample of AD patients followed over 5.5 years using multivariate latent growth curve modeling.
MATERIAL AND METHODS

Participants and procedures
The present sample included 517 patients diagnosed with probable AD and enrolled in the Multicenter Study of Predictors of Disease Course in Alzheimer's Disease. Local Institutional Review Boards at all participating sites approved the study. Full study procedures are described elsewhere [9, 10] . In brief, patients were recruited in two waves at outpatient clinics and clinical research centers at four sites in the United States and Europe: Columbia University Medical Center (n = 208), Johns Hopkins School of Medicine (n = 147), Massachusetts General Hospital (n = 124), and the Hôpital de la Salpêtrière in Paris, France (n = 38). Diagnoses of probable AD were made using NINCDS-ADRDA criteria [13] at consensus conferences attended by at least two faculty physicians specializing in dementia and one faculty neuropsychologist. Complete inclusion and exclusion criteria for the study have been described previously [9, 10] . All patients were required to have mild dementia, as defined by a Modified Mini-Mental State Exam (mMMS) score ≥30 (see description of this measure below), which is equivalent to a Folstein Mini-Mental State Exam score ≥16. Exclusion criteria were evidence for a cause of dementia other than Alzheimer's disease, parkinsonism, stroke, alcoholism, schizophrenia, schizoaffective disorder, and electroconvulsive therapy within two years preceding study enrollment or a history of 10 or more electroconvulsive treatments in a single course.
Average age was 74.19 (SD = 8.45). Average level of education was 13.72 (3.62). The sample comprised 43.1% males, 93.2% Caucasians, and 95.2% nonHispanics. 182 participants were reported to have taken a prescription medication for dementia at some point during the 5.5-year study period. The vast majority (n = 176) of participants taking an anti-dementia medication were recruited in the second wave (i.e., after 1997). Only six of the 252 participants recruited before 1997 were reported to have taken an anti-dementia medication. 166 participants were reported to have taken an antidepressant at some point during the study period.
Participants were assessed prospectively at 6-month intervals for up to 16 years. At least one follow-up assessment was available for 96.52% of the present sample. The average number of assessments was 10.10 (standard deviation = 5.85), indicating that the average participant was followed semiannually over 5 years. Only data from the first 12 occasions (5.5 years) were included in the present study in order to maximize covariance coverage. Information on outcome measures across the 12 occasions is provided in Table 1 . 193 participants were assessed with at least one outcome measure at the 12th occasion. These participants did not differ from the 324 participants who were not assessed at the 12th occasion in terms of age, education, race, ethnicity, or depressive symptoms. However, they exhibited lower cognition and functioning at baseline, as assessed by the mMMS (36.91 versus 38.84; t(512) = -3.364; p < 0.001) and the Blessed Dementia Rating Scale (BDRS; 3.80 versus 2.86; t(435.695) = 5.296; p < 0.001), respectively.
Measures
Depressive symptoms were assessed at each occasion with the Columbia University Scale for Psychopathology in AD (CUSPAD) [14] . The CUSPAD is a semi-structured interview conducted with an informant assessing the presence and severity of delusions, hallucinations, illusions, behavioral disturbances, and depressive symptoms over the past month. Only depressive symptom severity scores were used in the present study. Scores range from 0 to 4, with higher scores indicating greater psychopathology. Good inter-rater reliability for concurrent ratings of the depressive symptoms portion of a single interview has been reported ( = 0.80) [14] . Separate models treating the depressive symptoms variable as continuous versus categorical were run. Importantly, there were no differences in the patterns of associations between latent variables in these models. Because a larger number of fit indices are provided in the continuous variable models, results from these models are presented. Global cognitive status was evaluated at each occasion with the mMMS [15] . In addition to items from the Mini-Mental State Exam [16] , the mMMS includes items allowing for more comprehensive assessment of working memory, calculation, recall of the current and four previous presidents of the United States, confrontation naming, repetition, and visuoconstruction. The scale was translated and modified for assessments at the Paris site. Scores range from 0 to 57, with higher scores indicating better cognitive functioning.
Functional abilities were assessed with the BDRS [17] . The BDRS is a semi-structured interview conducted with an informant that assesses a patient's difficulty performing various activities of daily living for non-physical reasons. The sum of items specifically assessing instrumental (1-7) and basic (9-11) activities of daily living were used in the present study. Scores range from 0 to 16, with higher scores indicating greater functional difficulty.
Statistical analysis
Data were analyzed in MPlus version 7 with a special case of structural equation modeling often referred to as latent growth curve (LGC) modeling using maximum likelihood estimation [18, 19] . Missing data were managed with full information maximum likelihood (FIML), which uses all available data for parameter estimation. This approach accumulates and maximizes casewise likelihood functions computed using all available data for each participant. Monte Carlo simulation has shown that FIML produces unbiased and more efficient estimates than alternative methods (e.g., listwise deletion, pairwise deletion, and similar response pattern imputation) [20] . Models carry the assumptions of homogeneity of error variance and dependence of errors within each domain (i.e., function, cognition, depressive symptoms). A strength of LGC modeling is that it allows the study of multiple outcomes over time in a multivariate framework. The overall level of (intercept) and amount of change in (slope) each symptom type (i.e., functional, cognitive, depressive) represented the key parameters. Additional information regarding parameter estimation in multivariate LGC and its application to the study of neurodegenerative disease are available elsewhere [18, 21] . Model fit was assessed with the following, commonly-used statistics: Chi square, Akaike information criterion (AIC), sample size-adjusted Bayesian information criterion (BIC), root mean square error of approximation (RMSEA), comparative fit index (CFI), and TuckerLewis index (TLI). Smaller values of chi square, AIC, BIC, and RMSEA indicate better model fit. Values of CFI and TLI that are closer to 1 indicate better fit. Fit between nested models was compared statistically using the chi square test.
Model building proceeded in two broad stages. First, the trajectories of the three variables of interest were examined separately with unconditional univariate growth curve models. To characterize the functional forms of functional, cognitive, and depressive trajectories, models that estimated only linear change were statistically compared to those that estimated both linear and quadratic change. Second, best-fitting univariate models were combined into a single, conditional multivariate model, in which obtained parameter estimates control for all included variables. In this model, correlations between initial levels and changes in the symptoms independent of the covariates (i.e., gender, age, education in years, and recruitment site) can be estimated. Within-person coupling of symptoms over time was examined via correlations between occasion-specific residuals [22] . These correlations reflect the relationship between state-like, occasionspecific changes in the different symptom domains after controlling for a person's trait-like change trajectories. For parsimony, correlations of occasion-specific residuals were constrained to be equal across occasions for each symptom domain pair. In addition, covariate effects on both the overall levels of symptoms (intercepts) as well as on symptom changes (slopes) were examined. Covariates were centered to facilitate parameter interpretation. Specifically, values of 0 corresponded to age 74, 12 years of education, male gender, and enrollment at the Columbia site.
RESULTS
Unconditional univariate models
Nested unconditional univariate models were built separately for the three outcome variables.
In models allowing only linear change, functional problems (slope estimate = 1.150; p < 0.001) and cognitive symptoms (slope estimate = -4.783; p < 0.001) worsened over the study period. In contrast, depressive symptoms improved (slope estimate = -0.024; p = 0.043). Allowing for curvilinear change significantly improved model fit for functional problems ( χ 2 (4) = -438.77, p < 0.001), cognitive symptoms ( χ 2 (4) = -503.18, p < 0.001), and depressive symptoms ( χ 2 (4) = -34.66, p < 0.001). Thus, models including both linear and quadratic slopes were retained for subsequent model building.
Parameter estimates in the best-fitting unconditional univariate LGC models are shown in the upper panel of Table 2 . Intercepts (levels) refer to latent variables derived from all 12 occasions that reflect estimated initial levels of the outcomes independent of the growth process, not merely baseline scores. Linear slopes can be interpreted as the constant rates of change over time. Quadratic slopes can be interpreted as changes in the rates of change over time. As shown in Fig.1 , functional problems and cognitive symptoms worsened over the study period. This worsening of cognitive symptoms was most dramatic early on and leveled out over time. Although the model of depressive symptoms allowing for curvilinear change fit the data better than the model allowing only linear change, neither slopes reached significance in the more complex model, indicating that depressive symptoms were largely stable among the sample as a whole. However, significant residual variances in both intercepts and slopes (all p's < 0.001) in all three models indicate substantial individual differences both in initial levels and trajectories of functional abilities, cognition, and depressive symptoms. Such residual variance is a precondition for further model building. 
Conditional multivariate model
The three best-fitting univariate LGC models were combined into a single multivariate model, and four time-invariant predictors measured at baseline (i.e., age, gender, education, and recruitment site) were added. First, a transition model in which neither cross-domain relationships between latent variables nor associations involving the covariates was estimated. In line with the univariate models, associations between latent variables within a domain were permitted. The transition model provided the following fit statistics: χ 2 Intercepts shown in the lower panel of Table 2 can be interpreted as estimated initial values when all covariates are set to 0 (i.e., age = 74; education = 12 years; gender = male; site = Columbia). As shown, worsening over time was evident for functional problems and cognitive symptoms after controlling for these variables. Changes in depressive symptoms over time were not significant.
Associations between the factors in the conditional model are shown in Table 3 . After controlling for the covariates, initial levels predicted subsequent changes within cognition and function domains. Independent of these associations, initial levels of functional problems and cognitive symptoms were correlated. Worse initial cognitive status was also associated with faster subsequent functional decline, and vice versa. Rates of decline in functional and cognitive status were correlated between individuals (see Table 3 ) as well as coupled within individuals (standardized estimate = -0.207; S.E. = 0.021; p < 0.001). Higher level of depressive symptoms was associated with worse initial functioning and faster subsequent cognitive and functional decline.
Older age was independently associated with greater initial functional disability (standardized parameter estimate = 0.28; SE = 0.05; p = 0.001) but slower cognitive decline (standardized parameter estimate = 0.25; SE = 0.05; p = 0.001) and less worsening of depressive symptoms. Female gender was associated only with lower initial mMMS scores (standardized parameter estimate = -0.16; SE = 0.05; p = 0.001). Lower level of education was associated with lower cognitive status at baseline (standardized parameter estimate = 0.21; SE = 0.05; p < 0.001) but not with the average rate of cognitive decline. Participants enrolled at different recruitment sites differed only in initial depressive symptoms.
Influence of attrition and medication use
In order to determine whether attrition influenced the results, a variable reflecting the participation in the 12th assessment was added to the multivariate model. In addition to worse initial levels of cognition and function, participants who did not complete all 5.5 years of follow-up exhibited accelerated cognitive decline (standardized parameter estimate = -0.238; p < 0.001) and more rapid increases in functional problems (standardized parameter estimate = 0.186; p < 0.001). Importantly, inclusion of this variable did not alter the pattern of associations summarized in Table 3 .
The potential influence of anti-dementia medications was investigated in the subset of 265 participants recruited after 1997 because only six of the 252 participants recruited during the earlier wave took a prescription medication for dementia. A variable reflecting use of anti-dementia medication at any point during the 5.5-year study period was added to the three univariate models for function, cognition, and depressive symptoms. Anti-dementia medication use was not associated with initial levels or rates of change for depressive symptoms or cognition. Anti-dementia medication use was associated with lower initial levels of functional problems (unstandardized parameter estimate = -0.78; p = 0.01), but not with rates of change in functioning. Thus, anti-dementia medication use did not appear to influence the trajectories of any outcomes of interest.
In order to determine whether antidepressant use influenced the results, a variable reflecting use of an antidepressant at any point during the 5.5-year study period was added to the multivariate model estimated in the full sample. Antidepressant use was associated with higher initial levels of depressive symptoms (unstandardized parameter estimate = 0.35; p < 0.001). In addition, antidepressant use was associated with better initial cognitive (unstandardized parameter estimate = 1.45; p = 0.02) and functional status (unstandardized parameter estimate = -0.42; p = 0.04). Importantly, antidepressant use was not associated with any of the symptom trajectories, and inclusion of this additional covariate did not alter the pattern of results described above. 
DISCUSSION
This longitudinal study of 517 individuals with AD replicated previous reports from our group that while functional and cognitive symptoms gradually worsen over the disease course, depressive symptoms do not [12] . The main findings from the multivariate latent growth curve analysis were: 1) cognitive and functional changes were correlated between individuals and coupled within individuals; 2) worse initial cognitive status predicted faster subsequent functional decline, and vice versa; and 3) depressive symptoms were associated with worse initial functioning and faster subsequent cognitive and functional decline.
Our finding of a significant longitudinal association between functional and cognitive changes in AD confirms and extends a previous report [7] by demonstrating that these outcomes are associated both between and within persons over time in a controlled, multivariate model. These results also support the use of the mMMS [15] , a measure of global cognitive status, as a gross primary outcome in clinical trials and studies of AD course. Indeed, this measure appears to exhibit a similar rate of change as an informantrated measure of performance ability and therefore can adequately track the longitudinal course of functional decline in AD.
The obtained between-persons association between rates of functional and cognitive changes in our multivariate model (standardized parameter estimate = -0.72) is very similar to that reported in a population-based study of AD (r = -0.62) [7] . This between-person association assesses the relationship between long term trends in cognitive and functional change. In contrast, the within-person association between these outcomes in our multivariate model was more modest (standardized parameter estimate = -0.21). This within-person association assesses whether occasion-specific deviations from cognitive and functional trends occur together. This finding indicates that the rate at which an individual patient loses the ability to perform activities of daily living is heavily influenced by factors other than cognitive decline. For example, our group has previously shown that delusions, hallucinations, extrapyramidal signs, and other motor symptoms predict functional abilities and other important outcomes (e.g., death, nursing home placement) in AD [23] [24] [25] [26] . The present study provides evidence that depressive symptoms also have prognostic value in AD. Depressive symptoms were associated not only with worse functional abilities initially, but also with faster subsequent cognitive and functional decline. Many studies, though not all, have shown that depression increases dementia risk among cognitively-impaired older adults [2, 3] . Cross-sectional associations between depression and function have been reported [5] , and a recent study showed an association between depression and accelerated cognitive decline in AD [6] . Fewer studies have examined the influence of depression on the functional course of patients diagnosed with AD.
We have previously shown that functional decline predicts first episodes of depressive symptoms in AD [12] . The present finding that initial depressive symptoms predicted accelerated functional decline extends this previous work by providing new evidence that the association between depressive symptoms and functioning may be bi-directional in AD. That is, the loss of functional ability may trigger a reactive depressive episode [12] , and initial depressive symptoms may herald a more aggressive course of cognitive and functional decline. Thus, depressive symptoms in AD may not solely represent a psychological reaction to cognitive or functional decline. Similar results have also been reported in cognitively intact older adults [27] .
The associations between depressive symptoms and functioning were independent of cognition. Thus, depressive symptoms appeared to negatively influence functioning directly in this cohort of AD patients. Depressive symptoms were also independently related to cognitive decline. This pattern of findings suggests that the pathophysiologic processes leading to depressive and cognitive symptoms in AD may be partially overlapping. In previous studies, depressive symptoms in the context of dementia have been linked to pathology within the brain stem and substanta nigra and to reduced cortical norepinephrine [28, 29] .
A limitation of this study is the inclusion of only a subset of variables associated with cognition and function due to modeling constraints. The included covariates were chosen based on the extant literature as well as on significant univariate associations with the outcome variables in this sample. Other variables have been examined in previous reports from our group. For example, we have previously shown that APOE genotype is not associated with depressive symptoms in this cohort [30] . Another limitation is our use of a single screening measure to assess cognitive symptoms (i.e., the mMMS). A more complete cognitive battery would have allowed for exploration of how depressive symptoms influence changes in different cognitive domains. For example, it is possible that the association between initial depressive symptoms and functional decline may reflect executive deficits. Indeed, executive functioning is not fully assessed by the mMMS. It should also be noted that compared to participants assessed at the 5.5-year visit, those who were not assessed at this occasion exhibited worse cognitive and functional status at baseline and accelerated cognitive and functional decline. However, inclusion of a variable reflecting drop-out did not alter the pattern of results.
Strengths of this study include its use of latent growth curve modeling, as the examination of both initial levels and trajectories of symptoms provided more comprehensive evidence regarding their longitudinal associations. Another major strength is the modeling of three outcome variables in a single model, which allowed for more precise estimates of unique associations and improved upon previous studies in which models contained single outcome variables.
In conclusion, this study provides evidence that cognitive and functional symptoms travel together in AD. Results also suggest that cognitive decline predicts later functional decline, highlighting the importance of cognitive assessments for functional prognosis. Finally, disease progression appears to be heavily influenced by non-cognitive factors, as depressive symptoms predicted accelerated cognitive and functional decline independently.
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